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Abstract
In this paper, we develop a workforce scheduling methodology, which takes both financial costs and
ergonomic factors such as the avoidance of backward rotations and consecutive night shifts into consideration.
First, we obtain relative weights for each complete schedule called a scheme by applying analytic hierarchy
process (AHP) under financial costs and ergonomic factors criteria. Next, we formulate an integer program
with weights from AHP to select the optimal set of schemes. In addition, we show how the ergonomic aspects
of a given set of schemes can be improved via an assignment formulation when the planning horizon repeats
itself.
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In this paper, we develop a workforce scheduling methodology, which takes both financial costs and ergonomic 
factors such as the avoidance of backward rotations and consecutive night shifts into consideration. First, we obtain 
relative weights for each complete schedule called a scheme by applying analytic hierarchy process (AHP) under 
financial costs and ergonomic factors criteria. Next, we formulate an integer program with weights from AHP to 
select the optimal set of schemes. In addition, we show how the ergonomic aspects of a given set of schemes can be 
improved via an assignment formulation when the planning horizon repeats itself. 
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1.Introduction 
Workforce scheduling is a complex operations research problem involving both economic aspects as well as 
ergonomic criteria. In particular, from workers perspective, the workforce schedule has a profound on their welfare. 
Given such circumstances, in this paper, we utilize the analytic hierarchy process (AHP) and mathematical 
programming to determine the optimal workforce schedule, which takes financial costs and ergonomic guidelines 
into consideration. The key contributions of the paper are 1) the utilization of AHP in obtaining the relative weights 
for specific schedules of a worker under a multi-criteria decision making framework (costs and ergonomic factors) 
and 2) the determination of cost coefficients of a worker assignments derived from the ergonomic factors when the 
unit planning horizon (e.g., a week) repeats itself. Through AHP, we can simultaneously consider the quantitative 
factor of costs as well as the qualitative factor of ergonomics, which are often inversely related. We note that AHP is 
widely utilized for multi-criteria decision making processes (see son and min (1998)).  
 
We will briefly review the relevant literature on ergonomic factors followed by workforce scheduling. 
  
Shift work schedules may can lead to disruption of circadian rhythms (natural sleep-wake cycles) and cause 
problems such as cardiovascular disorders and psychosocial stress (Kostreva et al. (2002)). Consequently there have 
been substantial research efforts on developing guidelines for shift-work schedules, based on circadian rhythms and 
other ergonomic factors (see e.g., Czeisler et al. (1982)). In this paper, we focus on two such critical guidelines: 
avoiding backward rotations and consecutive night shifts.  
 
Rotating shift systems can be classified according to direction of rotation into forward rotating systems and 
backward rotating systems. In forward rotation, each time a shift change occurs, the new shift starts later than 
previous one (e.g., Morning-Afternoon-Night) whereas in backward rotation the new shift starts earlier than the 
previous one (e.g., Morning-Night-Afternoon). Forward rotation is preferred to backward rotation according to 
ergonomic guidelines (see e.g., Czeisler et al. (1982)). It is claimed that forward rotation is less disruptive to natural 
circadian rhythms, which follow a 25-hour cycle.  Another argument in favor of forward rotations is related to the 
amount of time off between shifts. Forward rotations typically result in a break of 24 hours or more at the change of 
each shift. In contrast, backward rotations result in lesser time between shifts (about 8 hours. e.g., afternoon shift 
followed by morning shift on the next day) and may severely restrict sleep duration (Barton and Folkard (1993)).  
Meanwhile, consecutive nights shifts are disruptive to circadian rhythms and can lead to accumulated fatigue (Chen 
and Yeung (1992)).  
 
We now proceed to briefly review the most relevant literature on workforce scheduling for our model. Chen and 
Yeung (1992) used a hybrid expert system to obtain schedules that consider ergonomic factors such as avoidance of 
backward rotation and consecutive night shifts. The expert system used heuristics to assign shifts to nurses using a 
fixed probability for each possible assignment. Kostreva et al. (1991) developed an approach to manually schedule 
shifts that consider ergonomic factors such as forward rotations. Alvarez et al. (1999) used Tabu search to select the 
best possible schemes and an assignment problem for assigning schemes to shifts and workers. 
  
The rest of the paper is organized as follows. In Section 2, we obtain penalty weights for the schemes using AHP. In 
Section 3, we use the penalties derived from AHP in an integer program to select the optimal set of schemes. In the 
next Section, we formulate an assignment problem to assign workers to schemes when the unit planning horizon 
repeats itself. Next, we illustrate our model with a numerical example in Section 5. Finally, concluding remarks are 
provided in Section 6. 
 
2.AHP Model 
In this paper, we will consider three non-overlapping shifts. Namely, the morning, afternoon and night shifts. In 
addition, we define a scheme to be a complete work schedule for a worker throughout a unit planning horizon (e.g., 
typically a week or less). For example the scheme MMMXNNN represents a schedule for a worker who works three 
morning shifts, takes one day off and then works three night shifts (see Alvarez-Valdes et al. (1999)).  We note that 
the schemes described above may involve a shift change (e.g., from M to N) within the unit planning horizon. Such 
“quickly rotating” systems are advocated in the shift schedule guidelines (e.g.,  Knauth (1996)) as a means to reduce 
consecutive  night shifts. 
 
In our model, each scheme is associated with a penalty derived from financial costs as well as ergonomic factors. 
The objective of the AHP model is to derive the value of such penalty  (i.e., overall weight) of each scheme. The key 
aspect of an AHP model is the hierarchy in which various criteria and their sub-criteria are organized in a 
hierarchical manner. 
 
In our hierarchy,  (shown in Figure 1) financial costs and ergonomic factors form the primary criteria. The 
ergonomic factors in turn consist of backward rotations and consecutive night shifts sub-criteria. As stated in the 
introduction, forward rotation is considered healthier than backward rotation. With this consideration, a scheme with 
backward rotation will have a higher weight (penalty) compared to a scheme without backward rotation. Similarly, a 
scheme with consecutive night shifts will incur a higher penalty. Finally, each scheme should be evaluated in terms 
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Figure 1. Hierarchy to determine weights of schemes. 
AHP calculations involve comparison of alternatives (schemes in this case) or criteria with each other to form pair-
wise comparison matrices. Let us denote such a comparison matrix as A. Each element of this matrix aij   represents 
the relative weight (penalty) of alternative i over alternative j. Let us denote the weight of an alternative i by wi. 
Then aij  is equal to  wi/wj . To construct the matrix the decision maker has to provide values to each element aij based 
on his preferences. We note that there can be a substantial number of schemes, and the construction of pair-wise 
comparison matrices can be time consuming if done manually. In such a case, we will have the aij value assigned 
automatically based on the characteristics of scheme i and scheme j. In Section 5, we will elaborate on this aspect 
with a numerical example. 
To calculate weights according to AHP, the schemes must be compared pair-wise with respect to costs criterion as 
well as the backward rotations and consecutive night shifts sub-criteria, to form pair-wise comparison matrices. 
Weights for the schemes with respect to these criterion and sub-criteria can be calculated from the comparison 
matrices. Next, the financial costs criterion must be compared with ergonomic factors criterion. Similarly, the 
backward rotations and consecutive night shifts criteria must be compared with each other.  In the next step, the 
weights obtained from the various pair-wise comparison matrices must be integrated to get the overall weight  pi  for 
each scheme. For details on the AHP calculations, see Son and Min (1998)  or   Saaty (1980).    
We now proceed to show how the optimal schemes can de determined for a given unit planning horizon. 
3. Integer Programming Formulation                 
Integer programming formulations have been widely utilized for workforce scheduling literature. In this section, we 
provide a formulation to obtain the optimal set of schemes that minimizes the sum of weights derived from the AHP 
model, subject to number of employee requirement for each day and shift of the unit planning horizon.  
3.1 Notation 
pi : Is the penalty for scheme i derived from the application of AHP model, i=1…….I                                                           
xi:  The number of employees working in scheme i, i=1…….I. Integer  decision variables                                                           
rjd:  the number of employees required in shift j, j = 1….J on day d, d= 1….D                                                                                              
αijd = 1 if scheme i covers shift j on day d, 0 otherwise.                                                                                                                                 
3.2 Integer programming formulation 














We note that the inequality constraints ensure that the requirement for employees is satisfied for each shift in each 
day of the unit planning horizon. When the number of schemes is large, the solution process might be time 
consuming. Several linear programming relaxation based heuristics have been suggested in the literature for this 
type of problem (see e.g., Bechtold et al (1991)) 
 
4. Assignment of Workers to Schemes 
Previously, we have concentrated on the selection of the best possible schemes that minimize the overall penalties 
given a unit planning horizon.  When we consider two or more consecutive unit planning horizons (e.g., two one- 
week horizons), the quality of the schedule for a worker also depends on how he/she is assigned to different schemes 
from a unit planning horizon to the next. For instance, a worker, who is assigned a scheme ending with a night shift 
in a unit planning horizon and one starting with a night shift in the next, has an ergonomically undesirable schedule 
because of consecutive night shifts. In what follows, we present a mathematical formulation to assign groups of 
workers from a unit planning horizon to the next while considering ergonomic factors.   
 
At the end of a unit planning horizon, there are three general groups of employees: those whose schemes have ended 
with a morning, afternoon, and night shift, respectively. These three groups of employees have to be assigned to 
three sets of schemes in the next unit planning horizon. i.e., to schemes starting with morning, afternoon and night 
shift respectively. Figure 2 shows these possible assignments in a graph. Here nodes 1, 2,and 3 refer to groups of 
workers whose schemes end with a morning, afternoon, and night shift, respectively, and have supplies of b1, b2 and 
b3 workers. Similarly, nodes 4, 5, and 6 refer to sets of schemes starting with a morning, afternoon, and night shift, 
respectively and have demands of b4, b5 and b6 workers. Each arc i-j will have a cost Cij  based on ergonomic 
factors. We utilize the hierarchy of the ergonomic factors consisting of the ergonomics factors criterion, and its two 
sub-criteria, backward rotations and consecutive night shifts in Figure 1 and apply AHP to obtain the cost 
coefficients Cij for each arch. To apply AHP the arcs must be compared with each other with respect to backward 
rotations and consecutive night shifts sub-criteria. Once the costs Cij’s are obtained, the assignment formulation can 
be solved using linear programming. The objective function of the assignment formulation minimizes the sum of the 
cost of flow in each arc. Constraints are necessary to ensure that the supplies and demands at each node are satisfied. 
 
















Figure 2. Graph for assignment between groups of workers to sets of schemes. Here b1, b2 and b3 are the suplies 
while b4, b5 and b6 are demands. Each arc represents a possible assignment of a group of workers in one planning 
horizon to the next. 
 
5. Numerical Example 
In this section, we present a numerical example that illustrates the basic features of our model. For simplicity, we 
consider a three-day unit planning horizon. There are three possible shifts in each day, the morning, afternoon, and 
night shifts. In addition, we assume that each possible scheme has exactly one day-off in the three-day unit planning 
horizon. There are 27 possible schemes under this scenario (see Table 3 for a list of schemes).  
 
The first step in our model is the application of AHP to obtain penalties for these 27 schemes. Values in pair wise 
comparison matrices depend on the decision maker’s individual preferences. We use Saaty’s 1–9 scale in   
constructing pair-wise comparison matrices for qualitative criteria (See Saaty (1980) for details). In constructing 
these matrices, we use hypothetical data. 
 
Table 1 shows the pair-wise comparison matrix between cost and ergonomic factors criteria. Here we assume that 
the ergonomic factors have moderate importance (hence greater penalty) in comparison to the cost criterion.  Saaty’s 
1-9 scale recommends an aij value of 3 when criteria i is “moderately” important over criteria j. Hence, a21 in Table 1 
is 3. Conversely, a12  is equal to 1/3. A criterion has equal importance when compared with itself. Hence, the 
diagonal elements of the comparison matrix are always equal to one. To obtain weights from the comparison matrix, 
first, each element aij has to be divided by the sum of the elements in its column j.  The weights can be obtained by 
summing of the elements in each row of the resulting matrix and dividing by the total number of rows. These 
weights are shown in column 4 of Table 1. For details on how to compute these weights, see Son and Min (1998).   
 
Table 2 shows the pair-wise comparison matrix between backward rotation and night shift sub-criteria. Here we 
assume that both backward rotation and night shift sub-criteria have equal importance. Consequently, both sub-
criteria have an equal weight of .5 as shown in column 4 of Table 2 
 
Table 1.  Pair-wise comparison matrix for cost and ergonomic factors criteria 
 Cost  Ergonomic factors Weights 
Cost 1 0.333333 0.25
Ergonomic factors 3 1 0.75
 
Table 2.  Pair-wise comparison matrix for backward rotation and night shift sub-criteria. 
 Backward rotation  Night shift  Weights  
Backward rotation 1 1 0.5
Night shift 1 1 0.5
 
In what follows, we discuss the comparison of schemes with each other. Since we can have a substantial number of 
schemes, we use a method to automatically assign values in the pair-wise comparison matrix. As we are considering 
schemes with two workdays and one day off, each scheme that violates ergonomic restrictions can have either a 
backward rotation or a pair of consecutive night shifts. In our example, we consider a scheme i with backward 
rotation “strongly important” over a scheme j without backward rotation. Saaty’s 1-9 scale recommends an aij value 
of 5 in this case. Therefore using a program we assign a value of 5 to all the elements of the matrix, which represent 
the comparison of a scheme i with backward rotation to a scheme j with out backward rotation. Similarly, we assign 
an aij value of 5 when comparing a scheme i that has consecutive night shifts to a scheme j that does not.  We assign 
a value of 1 to all the elements when comparing with respect to cost criterion as all the schemes have the same 
number of workdays (and hence the same labor cost). We recognize that this method has a different degree of 
subjectivity. E.g., if the dollar amounts of the financial costs are the characteristics, then there will be zero degree of 
subjectivity. 
 












MMX 0.024827 AMX 0.048637 NMX 0.024827 XMM 0.024827 XNM 0.024827
MAX 0.024827 AAX 0.024827 NAX 0.048637 XMA 0.024827 XNA 0.048637
MNX 0.048637 ANX 0.024827 NNX 0.063289 XMN 0.048637 XNN 0.063289
MXM 0.024827 AXM 0.048637 NXM 0.024827 XAM 0.048637   
MXA 0.024827 AXA 0.024827 NXA 0.048637 XAA 0.024827   
MXN 0.048637 AXN 0.024827 NXN 0.063289 XAN 0.024827   
 
*In each scheme the letter M refers to morning shift, A refers to afternoon shift; N referees to night shift and X 
refers to a day off. 
 
To obtain overall penalties we have to integrate the weights from pair-wise comparison matrices. For details on this 
process, see Son and Min (1998) or Saaty (1980). Table 3 shows the overall penalties for each scheme obtained from 
AHP. 
 
Table 4 shows the demands for each shift in the three-day unit planning horizon. The optimal solution has 9 
employees with 1 employee assigned to scheme MAX, 1 to MXA, 1 to MXN, 1to ANX, 2 to NMX, 1 to NXM and 
2 to XAN. We note that the optimal solution has 1 employee in backward rotation in scheme MXN and no 
employees with consecutive night shifts. However, if we consider the cost criteria only, then the optimal solution 
has 8 employees with 5 employees in backward rotation. This is highly undesirable from an ergonomic point of 
view. 
 
Table 4. Demands for individual shifts. 
 Morning Afternoon Night 
Day 1 3 1 3 
Day 2 1 2 1 
Day3 1 1 3 
 
Table5. Cost coefficients for arcs in the assignment problem 
Cost coefficients Cij J=4 J=5 J=6 
i=1 .0623 .0623 .1575 
i=2 .1575 .0623 .0623 
i=3 .0623 .1575 .2161 
 
Finally, we assign groups of employees from one unit planning horizon to sets of schemes in the next in 
consideration of ergonomic factors. From the optimal solution for the scheme selection, we have the following 
supplies and demands for assignment problem in Section 4: b1 =3, b2 =2, b3 =4, b4 =3, b5 =3 and b6 =3. To obtain 
costs Cij’s for the arcs, we apply the branch of AHP hierarchy under the ergonomic factors criterion. For the 
construction of pair-wise comparison matrix with respect to the backward rotation sub-criterion, we assign a value 
of 5 when arcs 1-6, 2-4 and 3-5 are compared with other arcs.  For constructing the matrix for night shift sub-
criterion, we assign a value of 5 when arc 3-6 is compared with other arcs. Table 5 shows the cost coefficients for 
the arcs derived from the application of AHP model. 
 
Given the above values, the assignment problem was formulated as a linear program and solved using LINDO.  The 
optimal solution is 2 employees on arc 1-5, 1 employee on arc 1-6, 2 employees on arc 2-6 and 3 employees on arc 
3-4 and 1 employee on arc 3-5.  
 
6. Concluding Remarks 
In this paper, we showed how workforce schedules could be determined when financial costs and ergonomic factors 
were simultaneously considered. Specifically, we showed how overall weights of each scheme could be obtained via 
AHP, how the optimal set of schemes could be determined for a unit planning horizon, and how the worker 
assignment problem could be resolved when a multiple number of unit planning horizons were considered. We 
believe that our modeling and solution approaches provide a general framework for workforce scheduling when 
multiple criteria decision making is highly desirable.  
 
The numerical example in Section 5 highlights the trade off between cost of a schedule and its ergonomic quality. 
Our model provides a basis for the decision maker to accept higher cost of the schedule if its ergonomic quality is 
better. 
 
There are several areas for further research based on our framework. For example, as we showed in the numerical 
example, it is quite possible that the optimal schemes under a unit planning horizon are no longer optimal under 
multiple number of unit planning horizons. Hence, it is worthwhile to refine the integer programming formulation so 
as to improve the applicability of its solution under multiple planning horizons. In addition, even if our assignment 
problem will lead to reduction in backward rotations and consecutive night shifts, no individual preference over 
his/her scheme was solicited. It might be worthwhile to incorporate as much individual preferences as possible in the 
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